security were implemented to control and to govern the apartheid regime (6, 7) . In 1927, the first Act for a prohibition on inter-racial marriage was passed and later again in 1949 and 1950. The early 1950"s saw the most devastating implementations of apartheid with the Population Registration Act No. 30, which empowered the 1951 census bureau to racially classify every South African into four groups: "Native/Bantu" (Black); Coloured, White, and Asian. The social designation of coloured refers to a highly admixed group of people, primarily from the Western Cape, that are comprised of influences from indigenous Khoikhoi and San, Asian, European, and slaves from various African and non-African countries [9, 10] . For the purpose of this article, the terms black, coloured and white refer specifically to South African populations.
Once classified, the Group Areas Act of 1950 determined where a person could live. Black South Africans were assigned to one of thirteen designated homelands outside the Republic of South Africa.
Within the Republic, whites, coloured and Indian groups were separated. The geographical separation of socially defined groups reduced the likelihood of gene flow among them. For the purpose of redress, the former apartheid classification system remains in use today; the three largest socially identified population groups are black (80%), coloured (9%), and white (8%) [11] .
The concept of race, specifically social race, or ancestry, is a highly debated topic within the field of anthropology. While race is not a valid biological concept, it is a sociological reality. However, even though race is not real, the social consequences of race have resulted in biological manifestations, likely through positive assortative mating [25] . While South Africa has had a storied history of forced segregation through a variety of aforementioned legislation that limited rates of intermarriage, sociologists have long identified the proclivity for people to marry within their respective social groups. Kalmijn [26] identified three causes for the persistence of endogamy: (1) a preference for spouses who are phenotypically similar; (2) other members of the same social group (friends, family, etc.) act as third party interference; and (3) limited access to members of different social groups. Each of the three potential causes for endogamy have been demonstrated legally through the various legislative acts described above, and have persisted socially as is shown through the census, in which people have self-identified as black, coloured, or white [11] . Yet, Omi and Winant [27] demonstrated that racial identification is also a sociopolitical consequence that is constantly in flux. Within the realm of population structures, anthropologists are tasked with constructing biological profiles to narrow down a potential missing persons list. Therefore creation and utilization of statistically valid methodologies are necessary to inform the anthropologist as to the probable social identity of an individual in life. In order to do this, researchers need to search for the biological manifestations of social race, which are the products of positive assortative mating.
Previous studies demonstrated osteometric and morphological differences in the crania and postcrania of black and white South Africans [5, [12] [13] [14] [15] . Yet, only one study [5] has visually assessed non-metric trait distribution among white, black and coloured South Africans. The results of L"Abbé et al. [5] demonstrated relatively distinct morphological differences in ancestry and sexual dimorphism for midfacial features (particularly nasal apertures width and inter-orbital breadth) among all groups. The purpose of this study was to use standard linear measurements and geometric morphometrics (GM), namely general Procrustes analysis (GPA) and ellipitical Fourier analysis (EFA) to further elucidate sexual dimorphism and social identity in mid-face shape and form among black, coloured and white South Africans. Principal component analysis (PCA) and discriminant function analysis (DFA) were used to examine the variation both within and between groups.
Materials and Methods
A total of 310 crania of black, coloured and white South Africans were digitized for this study ( Table   1 ). The crania were collected from the Pretoria Bone Collection (University of Pretoria); the Raymond A. Dart Collection (University of the Witwatersrand); and the Kirsten Collection (S tellenbosch University). [16, 17] . In contrast, the Kirsten collection, which is also cadaver-based and of known age and sex, primarily contains coloureds.
Exclusion criteria included: (1) persons younger than 18 years of age due to the potential effects of continued growth and development on the mid-face; (2) macroscopic pathology, ante-and postmortem fractures, as these do not represent normal variation; and (3) extensive ante-mortem tooth loss (less than 6 teeth remaining), as tooth loss and subsequent alveolar resorption may change facial shape [18] .
Fourteen standard landmarks of the mid-face were digitized with a 3D coordinate digitizer ( Table 2 ).
The accuracy of the 3D coordinate digitizer was 0.015-inches (0.38 mm). The computer program 3Skull [19] was used to collect the raw coordinate data as well as to calculate standard craniometric measures from the coordinate data. Additionally, 5 standard craniometric variables were derived from For the EFA, photographs were taken of each specimen in the Frankfurt Horizontal plane using a craniophore. The midpoint of the camera was focused on the nasion of each cranium. The same camera was used to take each photograph at a distance of 46 cm from the tripod shaft to the back legs of the craniophore. Outlines of the nasal aperture were traced in Adobe Photoshop CS4 and formatted for entry into Shape 1.3 for EFA [20] .
Statistical Analysis
As a means to examine overall shape differences as opposed to single measurements or numerical and primarily reflects overall size; however, due to the isometric scaling inherent in GPA and EFA, PC1 reflects the greatest trend in overall shape. Principal component loadings are used to assess possible landmarks permutations in metrical analyses and the contribution of each landmark to nasal aperture shape variation within the sample in the morphometric analyses [15] . Effective principal components were extracted from the appropriate data matrix to be used in subsequent analyses. .
In order to address shape analyses independent of size, GPA was conducted on the raw 3D coordinate data in MorphoJ [21] . Raw coordinates were subjected to a Procrustes fit, or superimposition, and converted to Procrustes shape coordinates. The mean centroid of the entire sample was used to scale the landmark"s raw coordinates and to rotate the entire sample to minimize the squared distances between landmarks. The Procrustes shape coordinates were subjected to the aforementioned PCA, based on the variance-covariance matrix, and shape changes could then be visualized as principal components of shape instead of merely abstract x, y, or z coordinates. The resulting graphs, known as lollipop graphs show the negative extreme of the PC scores at the lollipop and the stem shows, incrementally, the positive change in PC units. In sum, the lollipop graphs show the direction and magnitude of shape change wherein the longer the stem, the more marked the change.
Elliptical Fourier analysis is a method that describes the outlines of closed contours through the use of best-fit ellipses known as harmonics. The number of harmonics necessary to define a shape adequately varies depending on the complexity of the shape. The inclusion of each additional harmonic will, in turn, better define the outline shape. However, the minimum number of harmonics should be used t o maximize the shape of the fit without introducing extraneous noise [20] .
Each specimen"s outline was entered into Shape 1.3 [20] and was aligned on its long axis in anatomical position. Once each specimen"s outline was entered into the program and rotat ed, they were scaled to match the size of the first harmonic applied to the first specimen in the dataset. Thus, data were scaled and not strictly size-free, although gross size was removed. A mean shape was generated from the entire sample, independent of biological parameters, based on EFD.
Data for SCV and GM were analyzed in Fordisc 3.1 (FD3.1) [22] custom database using DFA to classify individuals into one of the six reference groups (BM, BF, WM, WF, CM and CF). Like PCA, DFA compresses and transforms variables into discriminant functions, or canonical variates, that best maximize between group variation instead of within group variation as with PCA. All results were cross-validated using leave-one-out-cross-validation (LOOCV) [22] . In LOOCV, upward bias towards greater classification accuracy is avoided as the individual being evaluated is removed from the reference group and tested against all other members of that group. The parameters are recalculated and the individual is then classified into one of the reference groups. Additionally, forward Wilks stepwise selection was used on each model to select only those variables that contributed to the group separation.
Fordisc 3.1 [22] was also used to calculate the Mahalanobis" generalized distances (D 2 ) for each specimen from its group mean as well as to examine biological distance, and significance, between groups.
Results

Principal components analysis
Principal component analysis of the SCV resulted in five PC ( (Fig. 1) . Coloured females presented the greatest variability. (Fig. 2) . In Figure 2 , a lollipop graph was generated from MorphoJ [21] in which the lollipop circle represents the negative extreme of the shape and the stem represents, incrementally, the change in shape associated with an addition of one PC score unit. The longer the stem, the more marked the shape differences. The PCA of the EFD yielded 40 PC with the first 10 PCs contributing eigenvalues greater than 1/n [20] . Principal component 1 accounted for 41.3% of the sample variation and demonstrated that black South Africans (males and females) present with shorter and rounder nasal aperture shapes with slightly superior extension on the inferior nasal border than either coloured or whites (Fig. 3) .
Coloured females have nasal aperture outlines more similar to black females, while coloured males present intermediate nasal aperture outlines between black and whites. White South Africans (males and females) have a pear-shaped nasal aperture outline (Fig. 3) . 
Discriminant Function Analysis
Six-way Sex and Ancestry
Total correct classifications ranged from 42.3-59.7% (Table 4 ). The SCV achieved the greatest total correct classifications while the EFA yielded the lowest. The six-way DFA of sex and ancestry using the five SCV (NDA, NLH, DKB, NDS, and NLB) resulted in a total correct classification of 52.3% (Table 4 and Fig. 4 Black females classified between 38.2% and 51% correctly and black males classified between 32.3% and 60.9% correctly for all methods ( (Table 4) . White females and males misclassified most frequently as each other using all three methods.
Three-way Ancestry
Total correct classifications ranged from 65.2-76.8% correct classifications (Table 5 ). The PCs of the Procrustes coordinates achieved the greatest total correct classifications and the EFA yielded the lowest total correct classifications. The three-way DFA of population groups, with the sexes pooled, using five SVCs: DKB, NDA, NDS, NLB, and NLH resulted in a total correct classification of 66.2% (Table 5 ). All groups D 2 were significantly different at p<0.001 except for black and coloured groups (p = 0.062). Using nine forward Wilks selected variables for the PC of Procrustes coordinates: PCs 1-3, PC5, PC7, PC12, PC13, PC15, and PC17 resulted in a 76.8% total correct classification (Table 5 and Fig. 6 ). All groups D 2 were significantly different at p<0.001. When using 7 forward Wilks selected variables for the PC of EFD: PCs 1-5, PC8, and PC10 resulted in a 65.2% total correct classification ( Table 5 ). All groups D 2 were significantly different at p<0.05.
Blacks classified between 56.9% and 72.3% correctly and classified second most frequently as coloured and infrequently as white in all methods. Coloureds correctly classified 38.9-60.5% of the time and classified second most frequently as black and infrequently as whites in all methods; except in EFA where coloureds were just as frequently classified as black. Whites had the highest correct classification of 84.5-94.0% and, in all three methods, classified second most frequently as coloured, followed by black (Table 5 and Fig. 5 ). 
Discussion
Distinct differences in mid-facial size and shape are noted among all South Africans groups and between the sexes, but none of the South African groups display extreme trait expression, as suggested in historical anthropology texts [3, 4] .
Black South Africans often present with a wide and rounded nasal aperture, a wide inter-orbital and nasal bone width, and a short nasal height; this creates an overall larger mid-facial region in comparison to the other groups. Compared to coloureds, black groups exhibit similar inferior nasal borders but higher nasal spines that create an inverse heart-shaped nasal opening. Coloureds displayed a wider inter-orbital breadth but a relatively narrower nasal superius and are more variable in size and shape than either whites or blacks.
Whites were the most distinct of the three groups, presenting with a, sharp and acute nasal bridge (i.e.
NDA), a small inter-orbital breadth, a long nasal height and a narrow nasal breadth. White South
Africans also exhibited a distinct nasal aperture outline in which the superior aspect is concave with the widest portion being located inferiorly.
Overall, the osteometric examination of size was not as robust as the quantification of shape for distinguishing variation among groups. The greater fidelity awarded by shape is further shown by the location of NDS being more informative than NDA (which is generated through NDS). The PCs of the Procrustes coordinates achieved the greatest accuracies among the groups. The relatively poorer classification accuracies associated with EFA may be attributed to the fact that only one variable, nasal aperture outlines, was considered in the analysis and likely included redundant information.
White South Africans exhibited the most sexual dimorphism of the groups; whereas Coloureds exhibited the least sexual dimorphism but the most heterogeneity among the groups. Interestingly, blacks misclassified most commonly as coloured of the same sex, but coloureds did not misclassify in the same way. While size differences contributed to sexual dimorphism within the groups, the overall shape of the mid-facial region did not change significantly within the respective groups, as demonstrated with individuals most often classifying as the correct ancestral group but the wrong sex.
Despite the existence of sexual dimorphism, mid-facial morphology can be used to distinguish between ancestry groups without knowledge of the person"s sex. As exhibited by the correct classifications, indeed more optimistic results were achieved without the involvement of sex. When assessing craniometric differences among the three groups, L"Abbé and colleagues [23] noted that low classification accuracies for sex and ancestry were also observed among coloured and black South Africans and may be attributed to higher heterogeneity and lower sexual dimorphism than whites.
While no discrete pattern of biological variation exists among humans, clinal morphological variation is observed in geographical distances and is often driven by social and cultural aptitudes [23] [24] [25] 28] .
Population variation can be seen as a feedback loop between cultural and biological factors such that cultural views of social race create barriers to mate selection, and in turn to the distribution of human variation within a population [29] .
The unique mid-facial features of whites when compared to other South African groups may be explained, but not limited to, different ancestral origins (Europe vs. Africa); early colonialism in the Western Cape; as well as forced segregation within the apartheid system. The immigration of Europeans into the Southern Cape of South Africa (late-17 th century) and broad racial classification and forced segregation underneath the 20 th century apartheid government may partly explain differences among previously classified and now self-identified groups of people. As South Africa transforms from one society to the next, the apartheid legacy remains not in deed but in the vision of redress. Classification systems remain in use and are reverted to "when "correcting" apparent "misclassifications" [30] . Twenty-two years after the disbanding of apartheid legislation, social barriers continue to exist in modern South Africa [31, 32] . While no longer mandatory under the constitution, social self-classification is requested of all South Africans and is often equated to employment and educational opportunities.
Diverse cultural/sociopolitical histories are reflected in variation among these modern social groups.
White groups are distinctly different from black and coloured populations, but no clear discrimination can be made between males and females of the latter two groups, possibly due to greater similarities among themselves than to white male or female South Africans.
The accuracy of some identification methods, such as age and sexing, is ancestry dependent [35] .
Therefore, it is not only important to understand and improve methods for estimating ancestry but also to understand any limitations. The problems faced with identifying coloured individuals and distinguishing between white and non-white South Africans becomes critical in providing an accurate biological profile. This study has highlighted the high variability of South African groups, particularly coloureds, and has shown how unknown individuals are likely to identify and misidentify under analysis. For medico-legal reasons it is also advantageous to be able to provide the most likely misclassifications for an unknown individual.
Conclusion
Currently, variation observed within three large populations within the country may be useful to not only estimate ancestry but to monitor future changes in the distribution of traits within a population.
Large numbers of illegal immigrants; an over-load of unidentified persons within the country; and an increase in deaths makes forensic anthropology a difficult, if not always applicable, field in South Africa. Modifications to existing standards are paramount so as to bring the country and the needs of the country on par with international standards.
A statistical approach to addressing peer-reported ancestry improves our knowledge of human variation and also the manner in which we address establishing a biological profile from unidentified remains.
